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O B J E C T I V E S To assess the feasibility, accuracy, and reproducibility of real-time full-volume
3-dimensional transthoracic echocardiography (3D RT-VTTE) to measure left ventricular (LV) volumes and
ejection fraction (EF) using a fully automated endocardial contouring algorithm and to identify and
automatically correct the contours to obtain accurate LV volumes in sinus rhythm and atrial ﬁbrillation (AF).
B A C KG ROUND 3D transthoracic echocardiography is not used routinely to quantify LV volumes
and EF. A fully automated workﬂow using RT-VTTE may improve clinical adoption.
METHOD S RT-VTTE was performed and 3D EF and volumes obtained using an automated trabecular
endocardial contouring algorithm; an automated correction was applied to track the compacted myocardium.
Cardiac magnetic resonance (CMR) and 2-dimensional biplane Simpson method were the reference standard.
R E S U L T S Ninety-one patients (67 in normal sinus rhythm [NSR], 24 in AF) were included. Among all NSR
patients, there was excellent correlation between RT-VTTE and CMR for end-diastolic volume (EDV), end-systolic
volume (ESV), and EF (r 0.90, 0.96, and 0.98, respectively; p 0.001). In patients with EF50% (n 36), EDV
and ESVwere underestimated by 10.7 17.5ml (p 0.001) and by 4.1 6.1ml (p 0.001), respectively. In those
with EF50% (n 31), EDV and ESV were underestimated by 25.7 32.7 ml (p 0.001) and by 16.2 24.0 ml
(p  0.001). Automated contour correction to track the compacted myocardium eliminated mean volume
differences between RT-VTTE andCMR. In patientswith AF, LV volumes and EFwere accurate by RT-VTTE (r 0.94,
0.94, and 0.91 for EDV, ESV, and EF, respectively; p  0.001). Automated 3D LV volumes and EF were highly
reproducible.
CONC L U S I O N S Rapid, accurate, and reproducible EF can be obtained by RT-VTTE in NSR and AF patients
by using an automated trabecular edge contouring algorithm. Furthermore, automated contour correction to
detect the compacted myocardium yields accurate and reproducible 3D LV volumes. (J Am Coll Cardiol Img
2012;5:239–51) © 2012 by the American College of Cardiology Foundation
v
l
p
s
t
w
i
t
w
(
t
c
a
V
R
v
c
N
c
c
m
t
b
e
d
y
e
g
e
r
u
m
1
f
w
f
2
s
M
o
w
m
a
L
e
a
v
E
A
A
VPS volumes/second
J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 5 , N O . 3 , 2 0 1 2
M A R C H 2 0 1 2 : 2 3 9 – 5 1
Thavendiranathan et al.
Real-Time 3D-Volume Echo for LV Volumes and EF
240T
hree-dimensional (3D) transthoracic echo-
cardiography (TTE) is more accurate and
reproducible than 2-dimensional (2D) TTE
for the evaluation of left ventricular (LV)
olumes and ejection fraction (EF) (1,2). However,
imitations to the adoption of 3D TTE in clinical
ractice include the need to stitch together gated
ubvolumes and the need to semiautomatically con-
our the endocardial borders for volumes and EF,
hich is time-consuming and reduces reproducibil-
ty (3). In addition, several studies have illustrated
he underestimation of LV volumes by 3D TTE
hen compared with cardiac magnetic resonance
CMR) (4,5). Although the potential reasons for
his underestimation have been addressed (4,5), it is
unclear as to which factor plays a predominant
role. Also, accurate assessment of LV volumes
and EF in patients with atrial fibrillation (AF)
is important (6), but these patients have been
excluded in previous 3D TTE studies because
of the need for gated acquisition.
Real-time full-volume 3-dimensional
transthoracic echocardiography (RT-VTTE)
is a new imaging technique by which the
left ventricle can be imaged continuously
(every cardiac cycle, nonstitched) in its
entirety using a 90°  90° volume sector
(Online Video 1). Fully automated con-
touring of the 3D LV endocardial surface
can be done by using a knowledge-based
probabilistic contouring algorithm (7).
The goals of this study were to: 1) assess
the feasibility, accuracy, and reproducibil-
ity of RT-VTTE to measure LV volumes
and EF using a fully automated endocar-
dial contouring algorithm compared with
CMR in patients with normal sinus
rhythm (NSR); 2) identify and automati-
ally correct the most important source of discrep-
ncy in LV volumes between CMR and RT-
TTE; and 3) assess the feasibility and accuracy of
T-VTTE for multiple heartbeat, automated, LV
olumes and EF measurements in patients with AF
ompared with the 2D biplane Simpson method.
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Study population. For study goals 1 and 2, patients in
SR who were 18 years of age referred for a
linically indicated CMR were enrolled. Inclusion
riteria were as follows: 1) CMR study with seg-
ented breath-held cine images; and (2) good acous-
ic windows for RT-VTTE imaging (determined
efore any analysis), defined as the ability to image the
ntire left ventricle in any apical orientation without
ropouts or artifacts. For study goal 3, patients 18
ears of age in AF referred for a 2D TTE were
nrolled. For test–retest reproducibility, a separate
roup of patients referred for a 2D TTE in NSR were
nrolled. The study was approved by an institutional
eview board at the Ohio State University.
CMR imaging and analysis. CMR was performed
sing a 1.5-T magnet (MAGNETOM Avanto; Sie-
ens Medical Solutions, Erlangen, Germany) using a
2-channel phased-array coil. Short-axis cines extending
rom the mitral valve plane to just below the LV apex (8)
ere acquired using a segmented balanced steady-state
ree precession sequence, effective temporal resolution of
0 to 25 frames per cardiac cycle, and 8-mm short-axis
lices with 20% interslice distance.
Images were analyzed using Argus software (Siemens
edical Solutions), following current guidelines (8), by
bservers blinded to RT-VTTE data. Short-axis slices
ith at least 50% of the LV circumference surrounded by
yocardium were included in the volume (9). The basal
nd apical slices were confirmed on long-axis views. The
V cavity was traced both in end-diastole (ED) and
nd-systole (ES) with inclusion of the papillary muscle
nd trabeculae in the volume (10,11). End-diastolic
olume (EDV) and end-systolic volume (ESV) as well as
F were calculated using the Simpson method.
RT-VTTE acquisition and quantiﬁcation. RT-VTTE
was performed using the Acuson SC2000 (Siemens
Ultrasound, Mountain View, California) imaging
system with a 4Z1c real-time volume transducer
(2.8 MHz). Full LV volumes were acquired at every
cardiac cycle for 3 to 5 consecutive cycles. Care was
taken to include the entire left ventricle within the
imaging volume using automatically generated si-
multaneous 2D reference planes (Online Video 2).
Analysis of the RT-VTTE images was per-
formed off-line using a fully automated knowledge-
based endocardial detection algorithm (7,12) with
prototype software (eSie LVA, Siemens Ultra-
sound) by a blinded investigator. This algorithm
automatically detects the endocardial surface from
knowledge gained from large, expert-annotatedB B R E V I A T I O N S
N D A C R O N YM S
AF atrial fibrillation
CMR cardiac magnetic
resonance
2D 2-dimensional
3D 3-dimensional
ED end-diastole
EDV end-diastolic volume
EF ejection fraction
ES end-systole
ESV end-systolic volume
LV left ventricular
NSR normal sinus rhythm
RT-VTTE real-time full-vo
3-dimensional transthoracic
echocardiography
TTE transthoracic
echocardiographytraining databases of volume data combined with a
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2413D discriminative model to match relevant image
features of the given LV volume to the database.
EDV was selected by the algorithm using the peak
R-wave from the electrocardiography signal and
ESV as the systolic frame with the minimal volume.
The LV cavity (including the papillary muscles) was
then displayed as a 3D mesh rendering and on 2D
planes for visualization (Fig. 1, Online Videos 3 and 4).
Although the ED/ES frames and endocardial con-
tours could be modified, no manual corrections were
made for our primary analysis. Time volume curves
were automatically generated for all the cardiac cycles,
and EDV, ESV, and EF are displayed. The cardiac
cycle with the best endocardial detection was chosen
for analysis. This was defined as: 1) all myocardial
segments (including the apex) were well tracked; 2)
the contours approximate the visually assessed endo-
Figure 1. RT-VTTE Data Analysis for a Patient in NSR
(A) Diastolic and (B) systolic contours are illustrated with cardiac m
volume (EDV), end-systolic volume (ESV), and ejection fraction (EF).
cardiac cycle for 3 consecutive cardiac cycles. Left and right panels
sinus rhythm; RT-VTTE  real-time full-volume 3-dimensional transthoracardial edge; and 3) the mitral valve plane was opti-
mally tracked.
Data analysis. ACCURACY OF THE AUTOMATED CON-
TOURING ALGORITHM FOR MEASUREMENT OF LV
VOLUMES AND EF. To first determine the accuracy of
he automated LV contouring algorithm, it was applied
o CMR short-axis cines reconstructed in a volume
ormat identical to RT-VTTE datasets from 35 ran-
omly selected patients (Online Video 5). The LV
olumes and EF derived by the algorithm were
ompared with the manual CMR method (refer-
nce standard).
ACCURACY OF AUTOMATED LV VOLUME AND EF
MEASURED WITH RT-VTTE COMPARED WITH CMR
IN NSR. Having verified the accuracy of the auto-
mated contouring algorithm, we applied it to RT-
etic resonance (CMR) time volume curves illustrating end-diastolic
Flow volume curve illustrating the volume change throughout the
hamber view; middle panel, 2-chamber view. NSR  normalagn
(C)
, 4-ccic echocardiography. Please see Online Videos 1 and 2.
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242VTTE data to calculate LV volumes and EF and
compared it with CMR values for all patients
together and then separately in patients with nor-
mal and reduced EF (13). The ability to correctly
classify patients with EF50% and35% was also
ssessed compared with CMR. These cutoff points
ere chosen because they identify patients with
educed EF (50%) (13) and those who qualify for
evice therapy in heart failure (EF 35%).
SOURCES FOR DISCREPANCY IN LV VOLUMES BE-
TWEEN RT-VTTE AND THE MANUAL CMR
METHOD. In CMR, the contours are prescribed at
the compacted myocardium, including the trabecu-
lae in the ventricular volumes (Fig. 2A) (11). In
echocardiography, the contours are often drawn at
the trabeculae–blood pool interface or within the
trabeculae (Fig. 2B) (10). To investigate the impact
of this difference in techniques, a 0.5-, 1.0-, and
1.5-mm automated contour correction was applied
to the RT-VTTE trabecular contours generated by
the algorithm (Fig. 2C), which moves the contours
outward toward the compacted myocardium and
recalculates volumes and EF.
Another source of difference in volumes is the
inclusion/exclusion of the LV basal short-axis slices
in CMR. Because we included basal slices in which
Figure 2. Illustration of Endocardial Contours With CMR and RT
(A) CMR contours drawn at the compacted myocardium. (B) RT-VTT
contour correction moves the contour outward toward the compac
abbreviations as in Figure 1.at least 50% of the circumference is surrounded by
myocardial tissue, we would include some volume
that encompasses the mitral annulus (9) (Fig. 3A).
To avoid this, some centers only include slices
below the mitral annulus (9), similar to RT-VTTE
(4). To determine how much this contributes to
discrepancies in volume, 2 investigators (in consen-
sus and blinded to CMR volumes) manually moved
the basal contours in RT-VTTE images to include
the annular plane (Fig. 3B [red lines]) in ED and
ES, as appropriate, in 20 randomly selected pa-
tients. The volumes and EF were recalculated and
compared with CMR.
REPRODUCIBILITY OF RT-VTTE AND CMR VOLUMES
AND EF FOR PATIENTS IN NSR. Two investigators
independently reviewed the 3 to 5 cardiac cycles for
each patient and recorded EDV, ESV, and EF
from the best cycle. Volumes and EF were then
compared. One of the investigators repeated this
process 3 months later for intraobserver variability.
For a selected cardiac cycle, when automated
contour correction was applied, there was no sig-
nificant difference in the final volume or EF be-
tween 2 observers. To compare this finding with the
reproducibility of manual contour corrections, 2
investigators independently modified the auto-
TE
ages automated contours at the trabecular edge. (C) Automated
myocardium. LV  left ventricle; RV  right ventricle; other-VT
E im
ted
t
m
u
t
i
p
e
f
T
i
R
s
in
J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 5 , N O . 3 , 2 0 1 2
M A R C H 2 0 1 2 : 2 3 9 – 5 1
Thavendiranathan et al.
Real-Time 3D-Volume Echo for LV Volumes and EF
243mated trabecular contours in 35 randomly selected
patients to track the compacted myocardium (inter-
observer variability) for a selected cardiac cycle as
noted here. This test was repeated by an investiga-
tor 1 month later (intraobserver variability). In
addition, CMR interobserver and intraobserver
variability was measured in 35 patients.
TEST–RETEST REPRODUCIBILITY. In 22 separate
patients, test–retest reproducibility was assessed by
first obtaining a full volume of the left ventricle,
followed by repositioning the patient and the trans-
ducer and obtaining a second full volume by a
different sonographer. EDV, ESV, and EF were
measured in a fully automated manner as described
here, and the data from the last cardiac cycle in
every patient were used for analysis.
ACCURACY OF RT-VTTE IN AF. RT-VTTE was an-
alyzed for each heartbeat in 3 to 5 consecutive
cardiac cycles (Fig. 4). The analysis method was
identical to that described for patients with NSR.
2D apical 2- and 4-chamber planes generated from
the volume dataset corresponding to the same
cardiac cycles were independently analyzed using
the biplane Simpson method for volume and EF.
The data from these 2 methods were compared at a
beat-to-beat level and at the patient level (averaged
Figure 3. Choice of the Basal Plane in CMR Versus RT-VTTE
(A) Four-chamber CMR image (left) illustrating the choice of the m
slice where 50% of the left ventricular cavity is surrounded by my
VTTE contours end just below the annular plane (grey line) and do
manual contour adjustments made to include the annular plane in
ence; 4CH  4-chamber; 3-CH  3-chamber; other abbreviations asover the acquired cardiac cycles). pStatistical analysis. The RT-VTTE and CMR vol-
umes and EF were compared using linear regression
and Pearson correlation coefficient. Bland-Altman
analysis with paired t tests was used to assess the bias
and limits of agreement with CMR. Interobserver and
intraobserver variability was calculated as the absolute
difference of the corresponding pair of repeated measure-
ments as a percentage of their mean in each patient and
then averaged over the study group. Test–retest repro-
ducibility analysis consisted of Pearson r, Bland-Altman
analysis, and paired t tests. The paired t test was also used
o compare ventricular volumes and EF between the 2
odalities. Unpaired t tests and the chi-square test were
sed when appropriate.
R E S U L T S
Patient demographics and feasibility of RT-VTTE. A
otal of 145 consecutive patients were screened for
nclusion in the main study; 10 (7%) refused to
articipate and 37 (26%) were excluded due to poor
chocardiography window or artifacts and 7 (5%)
or incomplete acquisition due to technical errors.
he analysis algorithm worked successfully in all 91
ncluded patients (67 had NSR and 24 had AF).
T-VTTE was completed within 1 h of the CMR
tudy. Demographic characteristics of the included
asal short axis slice (left and middle). The basal CMR short-axis
rdial tissue (right) could also contain the mitral annulus; (B) RT-
include the annular plane in volumes. The red lines indicate the
TTE volumes. ∆V  annular slice as a source of volume differ-
Figure 1.ost b
oca
not
RT-Vatients are shown in Table 1. Acquisition of 3 to 5
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244consecutive cardiac cycles of RT-VTTE datasets in
any one apical orientation required 5 to 10 s and
was heart rate dependent. The mean temporal
Table 1. Demographic Characteristics of Included Patients
Sinu
EF >50% (n  36) E
Age (yrs) 40 14
Male:Female 19:17
BMI (kg/m2) 26 4
HR during RT-VTTE (beats/min) 65 12
Values are mean  SD. *p values are for comparison of EF 50% versus EF 
Figure 4. Automated Endocardial Tracking in a Patient With At
(A–E) Illustration of the RT-VTTE contouring algorithm over 5 cardia
ES frames) for a patient in AF and (F) the corresponding volume cu
diastole; ES  end-systole; other abbreviations as in Figure 1.BMI  body mass index; EF  ejection fraction; HR  heart rate; RT-VTTE  real-tresolution of the RT-VTTE images was 45  27
ms (32 20 volumes/s [VPS]), with only 2 patients
with volume rates 10 VPS (8 and 9 VPS).
ythm
Atrial Fibrillation (n  24)50% (n  31) p Value*
50 15 0.006 68 11
23:8 0.07 17:7
28 6 0.08 –
73 18 0.03 82 19
Fibrillation
cles (top panel represents ED frames; bottom panel represents
generated for each heartbeat. AF  atrial ﬁbrillation; ED  end-s Rh
F <
50%.rial
c cy
rvesime full-volume 3-dimensional transthoracic echocardiography.
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245Analysis of ventricular volumes and EF took 30 to
60 s for 3 to 5 cardiac cycles.
Accuracy of the automated LV contouring algorithm
with reconstructed 3D CMR data. The EDV, ESV,
nd EF obtained using the automated algorithm
ith the reconstructed 3D CMR datasets were
ccurate compared with the manual CMR method
reference standard) (Fig. 5). The correlation coef-
cients for EDV, ESV, and EF were 0.99, 0.99,
nd 0.95, respectively, with biases of –2.4  9.6 ml
Table 2. Pearson Correlation Coefﬁcient, Linear Regression Equ
EF Comparisons Between RT-VTTE and CMR Corresponding to F
Pearson r (95% CI) Linear R
All patients
EDV 0.90 (0.85–0.94) Y
ESV 0.96 (0.93–0.97) Y
EF 0.98 (0.97–0.99) Y
EF 50%
EDV 0.85 (0.73–0.92) Y
ESV 0.92 (0.85–0.96) Y
EF 0.86 (0.75–0.93) Y
EF 50%
EDV 0.88 (0.76–0.94) Y
ESV 0.93 (0.85–0.96) Y
EF 0.97 (0.95–0.99) Y
Figure 5. Validation of the Automated Endocardial Contouring
Linear regression plots and Bland-Altman analysis for agreement in
and that obtained using the automated contouring algorithm with
see Online Video 5.CMR  cardiac magnetic resonance; EDV  end-diastolic volume; ESV  end-systop  0 .15), 0.6  7.4 ml (p  0.61), and –0.8 
.7% (p  0.35).
Accuracy of the automated LV contouring algorithm
with RT-VTTE in NSR. Among all patients in NSR,
T-VTTE and CMR measurements correlated
ighly for EDV, ESV, and EF (r  0.90, 0.96, and
.98, respectively; p 0.001 for all) (Fig. 6, Table 2).
DV and ESV were underestimated by 17.6  26.7
l and 9.8  17.9 ml (p  0.001), respectively;
owever, EF was accurate (0.3 2.5%; p 0.27). In
n, Bland-Altman Analysis Bias, and LOA for EDV and ESV and
re 6
ession Equation Bias LOA (1 SD)
9.1 0.7x 17.6 ml 26.7 ml
.2 0.8x 9.8 ml 17.9 ml
.68 0.98x 0.3% 2.5%
1.0 0.78x 10.7 ml 17.5 ml
.9 0.85x 4.1 ml 6.1 ml
.8 0.88x 0.5% 2.5%
6.9 0.69x 25.7 32.7
6.0 0.76x 16.2 24.0
.3 0.99x 0.2% 2.4%
rithm
, ESV, and EF between manual CMR analysis (reference standard)
nstructed 3D CMR datasets. Abbreviations as in Figure 1. Pleaseatio
igu
egr
 2
 9
 0
 2
 4
 6
 3
 1
 0Algo
EDV
recolic volume; LOA  level of agreement; other abbreviations as in Table 1.
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246the subgroup of patients with EF 50%, the RT-
VTTE and CMR measurements also correlated
highly for EDV, ESV, and EF (r  0.85, 0.92, and
0.86, respectively; p  0.001 for all) (Table 3).
owever, EDV and ESV were underestimated by
0.7  17.5 ml (p  0.001) and by 4.1  6.1 ml
p  0.001), whereas EF was accurate (–0.5  2.5%;
 0.3). In the subgroup of patients with EF50%,
he respective r values were 0.88, 0.93, and 0.97
p  0.001 for all) (Table 3). EDV and ESV were
Table 3. Comparison of Volumes and EF Between RT-VTTE and
(Normal Sinus Rhythm) With Various Degrees of Automated Co
EF >50%
CMR RT-VTTE
N 36 36
EDV (ml) 142 34 131 31
0.5-mm ∆, ml – 138 32
1.0-mm ∆, ml – 145  33
1.5-mm ∆, ml – 152 34
ESV (ml) 58 16 54 15
0.5-mm ∆, ml – 58  15
1.0-mm ∆, ml – 62 16
1.5-mm ∆, ml – 67 17
EF (%) 59 5 59 5
Values are n or mean  SD. Values in bold represent the best volume estimat
Figure 6. Comparison of Volumes and EF Between RT-VTTE and
Linear regression and Bland Altman analysis comparing ventricular
regression equation, bias, and level of agreement listed in Table 2)
50% are presented in separate colors. Abbreviations as in FigureLV  left ventricular; other abbreviations as in Tables 1 and 2.nderestimated by 25.7  32.7 ml (p  0.001) and
y 16.2  24.0 ml (p  0.001), whereas EF was
ccurate (–0.2  2.4%; p  0.7). With respect to
lassifying patients with an EF cutoff of 50% and
35%, RT-VTTE accurately identified 64 of 67 pa-
ients (96%) and 65 of 67 patients (97%), respectively.
Accuracy of RT-VTTE volumes after automated contour
correction in NSR. Automated contour correction
applied to the original trabecular contour to detect
the compacted myocardium resulted in improved
in Patients With Normal and Reduced LV Systolic Function
r Correction Applied to the RT-VTTE Volumes
EF <50%
alue CMR RT-VTTE p Value
31 31
.001 204 67 179 53 0.001
.208 – 186 56 0.004
.327 – 193 60 0.08
.002 – 203  59 0.87
.001 134 62 118 50 0.001
.915 – 122 52 0.007
.001 – 128 55 0.15
.001 – 136  56 0.68
.296 37 11 36 11 0.663
R
mes and EF obtained from RT-VTTE and CMR (Pearson correlation,
all patients in normal sinus rhythm. Patients with EF 50% and
ease see Online Videos 3 and 4.CMR
ntou
p V
–
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247accuracy of EDV and ESV by RT-VTTE (Table 3). In
patients with EF 50%, 1.0-mm and 0.5-mm
utomated contour correction and in patients with
F 50%, 1.5-mm correction to EDV and ESV,
espectively, provided the best agreement with
MR. With these automated corrections, there
ere no statistically significant differences in the
ean volumes between RT-VTTE and CMR.
Accuracy of RT-VTTE volumes after basal plane adjust-
ment in NSR. Inclusion of the mitral annular plane
in RT-VTTE volumes (Fig. 3) decreased the vol-
ume underestimation by 7 ml and 4 ml for EDV
and ESV, respectively. Although the EDV and
ESV biases were reduced, the absolute difference
between RT-VTTE and CMR remained signifi-
cant (Table 4).
Reproducibility of volumes and EF measurements. A-
mong the 67 patients in NSR, the mean interob-
server variability for EDV, ESV, and EF were 1.0 
4.3%, 0.8  4.0%, and 0.4  4.5%, respectively.
The intraobserver variability was 0.4  1.9%, 0.2
0.9%, and 0.3  1.3%.
In the 35 patients in whom manual corrections
were made, the mean underestimation in RV-
VTTE EDV and ESV decreased from 13 17% to
8  16% and from 13  17% to 6  17%,
respectively. However, the volumes were still lower
than the CMR volumes (p  0.05). EF was not
statistically different before or after contour correc-
tion. The mean SD interobserver and intraobserver
variability for the manually corrected EDV, ESV,
and EF are summarized in Table 5. The variability
was higher at the individual patient level, and the
CMR reproducibility was good.
Test–retest reproducibility. The mean age of the
included patients for test–retest reproducibility
analysis was 48  19 years; 59% were male; and
mean volume rate of the RT-VTTE acquisitions
was 37  21 VPS (range 12 to 74 VPS). The mean
EDV, ESV, and EF for the first and second
measurements were as follows: 140  46 ml versus
139  45 ml (p  0.37), 77  44 ml versus 77 
Table 4. Change in EDV and ESV Underestimation by RT-VTTE
Compared With CMR With Manual Inclusion of the Mitral
Annular Plane in the Volume Measurements
Bias in EDV
(ml)
Bias in ESV
(ml)
Without annular plane 18 20 9 11
With inclusion of annular plane 11 19 5 10
p Value 0.001 0.001
Values are mean  SD.
Abbreviations as in Tables 1 and 2.43 ml (p  0.93), and 47  15% versus 47  15%
(p  0.56). The respective Pearson r values were
0.99, 0.99, and 0.98. Bland-Altman analysis
showed minimal bias between the 2 measurements
and good levels of agreement (Fig. 7).
Accuracy of RT-VTTE in AF. In 24 of 27 (89%) pa-
ients with AF, RT-VTTE images were of diag-
ostic quality. At a beat-to-beat level, automated
rabecular contours by RT-VTTE and manual con-
ours by 2D biplane Simpson methods correlated
ighly for EDV, ESV, and EF (r  0.93, 0.93, and
.92, respectively; p  0.001 for all). At the patient
evel, the corresponding correlation coefficients
ere 0.94, 0.94, and 0.91 (p  0.001 for all) (Fig. 8).
he mean EDV, ESV, and EF by RT-VTTE were
23  46 ml, 71  40 ml, and 44  10%, whereas
y 2D biplane Simpson method, they were 122 
5 ml, 66  33 ml, and 46  9% (p  0.05 for all).
n Bland-Altman analysis, at the patient level, the
iases and levels of agreement for EDV, ESV,
nd EF were 2  16 ml, 4  13 ml, and –2  4%
p  0.05 for all) (Fig. 8). The mean heart rate
uring image acquisition was 82  19 beats/min.
D I S C U S S I O N
This is the first clinical study to assess the feasibil-
ity, accuracy, and reproducibility of RT-VTTE to
measure EF and volumes using a fully automated
contouring algorithm in patients with NSR and
AF. We demonstrated that: 1) RT-VTTE coupled
with a fully automated endocardial contouring al-
gorithm to measure LV volumes and EF is feasible,
accurate, and reproducible; 2) the use of trabecular
edge versus compacted myocardium for LV vol-
Table 5. Reproducibility of Volumes and EF by Manual
Contour Adjustment With RT-VTTE and Manual CMR
Contouring in 35 Selected Patients
Interobserver (%) Intraobserver (%)
Averaged Individual Averaged Individual
EDV
RT-VTTE 9 7 0–24 5 10 0–26
CMR 1 6 0–12 0 4 0–8
ESV
RT-VTTE 9 8 0–27 3 11 0–31
CMR 2 5 0–15 0 6 0–12
EF
RT-VTTE 1 8 0–27 2 10 0–29
CMR 1 2 0–14 1 2 0–18
Values are mean  SD or range. Averaged variability as well as individual
patient variability are presented.
Abbreviations as in Tables 1 and 2.umes is the most important reason for volume
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248discrepancy between RT-VTTE and CMR; 3) an
automated contour correction algorithm applied to
RT-VTTE to track the compacted myocardium
improves the accuracy of LV volumes compared
with CMR and is reproducible; and 4) it is now
possible to measure 3D LV volumes and EF in
patients with AF accurately and rapidly. The im-
plementation of such an automated workflow for
quantitative 3D TTE of the LV may promote wider
use in routine clinical practice.
The average temporal resolution of RT-VTTE
was 45  27 ms, with a mean temporal resolution of
24 ms with harmonic imaging and 14 ms with
Figure 7. Accuracy of the Automated Algorithm in Patients Wit
Linear regression and Bland-Altman analysis comparing ventricular
method in patients with AF. The volumes and EF are averaged per
Figure 8. Test Retest Reproducibility of RT-VTTE
Test-retest reproducibility illustrated using Bland-Altman analysis fo
Figure 1.fundamental imaging in excellent acoustic windows.
This range of “real-time” temporal resolution is both
acceptable and adequate for imaging the left ventricle
(8). We were able to use data from 71% (91 of 128) of
he imaged patients for analysis of LV function. The
xclusion rate is a reflection of patients being recruited
rom the CMR laboratory who may have been initially
eferred due to poor acoustic windows. We were able
o use data from 89% of the patients with AF who
ere recruited from the TTE laboratory, consistent
ith previously reported feasibility rates in quantita-
ive 2D TTE (14). Lastly, our exclusion rate is not
ifferent from previous 3D studies (5,15,16).
rial Fibrillation
mes and EF by RT-VTTE versus 2-dimensional biplane Simpson
ent. Abbreviations as in Figures 1 and 4.
t ventricular EDV, ESV, and EF in 22 patients. Abbreviations as inh At
volur lef
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249Although image quality is important for clinical
adoption, quantitative 3D TTE is not performed in
current practice even when there is excellent image
quality due to lack of intuitive workflow. We were
able to obtain accurate 3D LV EF and volumes for
multiple cardiac cycles in about 30 to 60 s in an
entirely automated manner compared with 4 to 10
min previously reported with manual/semiauto-
mated approaches with gated 3D (17,18). This
workflow is a significant step forward in facilitating
wider clinical adoption of 3D TTE for measure-
ment of LV function.
Automated EF measurements with RT-VTTE
were accurate both in patients with normal and
reduced EF compared with use of CMR. Our EF
estimates were better than that reported in a recent
study using single-beat real-time 3D TTE, with
significantly lower volume rates and manual contour
corrections (16). The LV volumes in our study with
normal and reduced EF were underestimated com-
pared with CMR using automated trabecular con-
touring. However, this is consistent with previous
single-center, gated 3D studies (5,15,19) and sig-
nificantly less than the 67 ml and 41 ml underesti-
mations seen in the only multicenter study of gated
3D TTE (4). Also, none of these previous studies
reported separate values for patients with normal
and reduced EF. We analyzed patients with re-
duced EF separately because these patients have
abnormal LV anatomy, and it is necessary to assess
the accuracy of the automated algorithm specifically
in these patients. In addition, the volume underes-
timation in our study seemed to be higher in
patients with severely dilated ventricles (20,21)
(Fig. 6), consistent with findings in other 3D
studies (4). This finding may be a reflection of the
small sample size of patients with severe ventricular
dilation in our study or the need for improvement in
the algorithm with severely dilated ventricles.
To improve the accuracy of volume measure-
ments, we applied an automated contour correction
to track the compacted myocardium instead of the
trabecular edge. In patients with reduced EF, the
best LV volume estimates by RT-VTTE compared
with CMR were obtained by 1.5-mm correction of
EDV and ESV contours, whereas 1.0-mm and
0.5-mm corrections were necessary for EDV and
ESV contours, respectively, in patients with normal
EF. The need to correct the contours in both ED
and ES in patients with reduced EF may lie in the
fact that the distinction between the trabecular
endocardium and the compacted myocardium is
exaggerated in the dilated dysfunctional left ventri-cle in both ED and ES (Fig. 9 [illustrated with
CMR images]). The minimal contour correction
that was necessary in normal EF is not clinically
significant and is likely not necessary in daily
practice, as supported by the minimal underestima-
tion in EDV and ESV compared with CMR in our
study (10 ml and 4 ml). However, contour correc-
tion in patients with reduced EF will likely be
necessary until improvements in endocardial track-
ing are made and/or development of an algorithm
occurs that can track compacted myocardial con-
tours in contrast 3D TTE. However, the latter may
not be possible in all patients because there are
contraindications to contrast use. Alternatively,
manual corrections to the contours could be made at
the cost of reduced reproducibility and tedious work-
flow, which are significant impediments to routine
clinical adoption of 3D TTE. With respect to other
sources of discrepancy between volumes obtained by
RT-VTTE and CMR, the inclusion of mitral annular
plane in CMR was not as important as differences in
contouring techniques (Tables 1 and 3).
In previous gated 3D TTE studies, the interob-
server variability has ranged from 0.1% to 8.2% for
EDV, 2.1% to 13.5% for ESV, and 0% to 13.1% for
EF (4,5,22). Even at expert centers, the variation in
LV volumes at the patient level was as high as 38%
to 70% (4). In our study with automated workflow,
Figure 9. Differences Between Trabecular Versus Compacted M
Contours
Patient with normal (A, diastole; B, systole) and abnormal (C, diasto
tole) left ventricular systolic function illustrating the difference betw
trabecular and compacted myocardium between systole and diastoyocardial
le; D, sys-
een the
le.
n
U
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250the interobserver and intraobserver variability for
volumes and EF was 1%. Manual contour correc-
tions resulted in larger interobserver and intraob-
server variability and did not resolve the significant
underestimation of volumes, suggesting that expert
manual contouring may not be ideal for clinical
application. In addition, the automated technique
had excellent test–retest reproducibility, a feature
that has seldom been reported in previous 3D
studies.
In patients with AF, LV volumes and EF derived
by automated contouring of RT-VTTE and 2D
biplane Simpson method showed excellent correla-
tion for EDV, ESV, and EF at a beat-to-beat level
and averaged over heartbeats at the patient level.
The 2D planes from the 3D volumes were chosen
as the reference standard because it is not possible
to obtain segmented balanced steady-state free pre-
cession CMR cine images in patients with AF for
volumetric analysis. Contrary to previously pub-
lished reports (5) showing systematic underestima-
tion of LV volumes by 2D biplane Simpson method
compared with gated 3D TTE, a good agreement
between the 2D method and RT-VTTE was found
in our study. This finding may be because the 2D
images were obtained from the same 3D dataset,
hence minimizing any differences in acquisition
technique or discrepant cardiac cycle durations.
RT-VTTE with automated contouring affords a
rapid way to measure 3D LV function beat-by-beat
in patients with AF.
Study limitations. We only included patients with
good acoustic windows, which results in selection
bias. However, given that our study is the first to
clinically validate the benefit of RT-VTTE using a
fully automated contouring algorithm, we felt that
this approach was appropriate. Furthermore, our
data provide insight into the real-world challenges
of suboptimal acoustic windows, which is a physical
reality for both 2D and 3D TTE. Secondly, the
uniform contour correction algorithm used may not
account for regional variations in LV trabecular
thickness (Fig. 9), although we did include patients
with regional abnormalities, and the automated
algorithm and correction yielded accurate LV vol-
umes and EF. There is perhaps a minority in whom
profound variations in regional geometry may ad-
versely affect this automated algorithm. We also didautomated 2D algorithm that has been described
previously (23,24). However, 3D imaging is supe-
rior to 2D methods for LV function and volumes
(2), especially in patients with abnormal LV dila-
tion or distorted shapes. In addition, although the
automated 2D algorithm eliminates the need for
manual contouring of the endocardial border, it
does not account for the fundamental limitations of
2D echocardiography, which includes the need for
assumption of ventricular shape and apical fore-
shortening. In fact, studies using automated 2D
algorithms have shown poor correlation with CMR
volumes (24), with significant volume underestima-
tion despite manual contour adjustments (23). Fi-
nally, the variability in the choice of the basal slice
and the need for manual contouring for volumes
and EF calculations is a limitation of CMR.
C O N C L U S I O N S
RT-VTTE is a significant improvement over gated
3D TTE because it overcomes many technical and
practical limitations of gated 3D TTE. Accurate
and reproducible EF can be obtained by RT-VTTE
in patients with NSR and AF using an automated
trabecular edge contouring algorithm. Furthermore,
appropriate application of an automated contour
correction algorithm to detect the compacted myo-
cardium yields accurate and reproducible 3D LV
volumes. Such an automated workflow, which is
also time efficient, may enhance the adoption of
quantitative 3D TTE of the left ventricle in routine
clinical echocardiography when the acoustic win-
dow is optimal.
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